Fractured rocks are a type of complex media that widely exist in various projects including energy, hydraulic, and underground space engineering, whose permeability properties are a hotspot in current rock mechanics domain. Aiming at investigating the seepage characteristics of the fracture surfaces in different rock strata, uniaxial compressive test and permeability test were performed on single-fracture homogenous and heterogeneous rocks. Specifically, rock's physical and mechanical parameters were measured in uniaxial tests while the initial width of the single fracture was determined through CT scanning. In combination with test results and the calculation model of the displacement of single-fracture heterogeneous rock under triaxial stress condition, the calculation formula of the permeability coefficient of single-fracture heterogeneous rock was derived. Results show that hydraulic pressure in the fracture can affect the permeability coefficient of the fractured rock. Hydraulic fracturing effect occurred with the increase of hydraulic pressure in the fracture, which then generates slight normal deformations of the rock masses on both two sides of the fracture surface, decreases the contact area in the fracture, and leads to the increases of both fracture width and permeability coefficient. For single-fracture rock, the lithological properties of the rock masses on both two sides of the fracture surface impose significant effects on the permeability coefficient. Under same hydraulic pressure and confining pressure, the permeability coefficient of single-fracture coarse sandstone is greatest, followed by that of single-fracture heterogeneous rock, and finally by single-fracture fine sandstone. Theoretical calculation results agree well with the test results, suggesting that the derived theoretical formula can adequately describe the variation tendencies of permeability coefficient with confining pressure and hydraulic pressure in the fracture.
Introduction
Seepage in fractured rocks can significantly affect construction stability in underground engineering [1] [2] [3] , foundation engineering [4, 5] , and rock-soil bodies on side slopes [6] [7] [8] . Generally, under long-term seismic load, construction-induced disturbance, and temperature effect, original fractures develop steadily and rock is gradually cut into several structural surfaces by the fracture network [9] [10] [11] . Under same stress, different rocks undergo different deformations because of the existence of the structural surfaces, and meanwhile, the formed structure surfaces act as main seepage channels of underground water. Pressure fluid mainly imposes action on rock skeleton via physical weakening and mechanical action, changes stress state in the rock, rock shape, internal pores, and structural deformation of fractures, and finally affects seepage characteristics of fractured rocks.
Permeability coefficient and permeability tensor are two main parameters that are widely sued for describing the permeability of fractured rocks [12] [13] [14] , which are generally determined by theoretical calculation [15] [16] [17] [18] , field measurement [19] , or laboratory test [20] [21] [22] [23] . Currently, single-fracture parallel-plate hydraulic model [24] is most widely applied in theoretical estimation of seepage behaviors in fractured rocks, which assumes that the fracture has fixed ideal width. However, natural fractures are coarse to varying degrees, whose widths always change under external loading, thereby inducing the change of permeability coefficient. Existing research results demonstrate that the deformation of fracture surfaces under loading is a major cause of the variation of permeability coefficient [25] [26] [27] [28] [29] [30] [31] , while the permeability of rock heavily depends on the fracture properties. Therefore, stress effect and the change of fracture width should be taken into overall consideration in the calculation of permeability coefficient.
The fracture surface's geological properties including roughness and width are quite important for describing the fractured rock's permeability and mechanical properties [32, 33] . For a single-fracture rock, fracture width is related to normal stress on the fracture surface. The change of normal stress on the fracture surface can induce the change of fracture width and thus affect the permeability coefficient [34, 35] . With rapid development of modern optical technology, high-precision photoelectric instruments (computed tomography scanning and laser scanning) now are increasingly being applied in the scanning of fracture surface morphology and width. Bertels et al. [36] employed CT for measuring the fractures' width distribution, capillary force, relative permeability coefficient, and in situ saturability. By means of 3D laser scanning technique, Lanaro [37] measured surface morphology and width distribution of the fractures. Tatone and Grasselli [38] analyzed 2S roughness of the fractured rock using laser scanning. Tatone and Grasselli [39] used advanced topometric sensor (ATOS II, GOM mbH, Germany) for in situ large-size and laboratory small-scale digital processing. Zou et al. [40] examined the fracture surface of natural granite rock using laser and established the fracture model of roughness characterization and fluid flowing simulation. Wang et al. [41] acquired the roughness of the joint surface in the rocks using 3D-laser-scanning-based rock surface meter.
For a single-fracture heterogeneous rock, the rock masses on both two sides of the fracture exhibit different lithological properties or even significantly different physical and mechanical properties. Under the action of stress, the fracture's permeability coefficient is not only affected by hydraulic pressure and net confining pressure but also subjected to elastic moduli and Poisson's ratios of the rock masses on both two sides of the fracture. However, previous studies mainly focused on permeation rules of rocks with identical lithological properties on both two sides of the fracture (i.e., homogenous rocks), while the permeability of rocks with different lithological properties on both two sides (i.e., heterogeneous rocks) was poorly investigated. It is blind and unreliable to directly apply the permeability rules in homogenous rocks to heterogonous rocks. Therefore, for gaining in-depth knowledge of permeation evolutional rules and permeability of single-fracture heterogeneous rock, this study first examined the permeation properties of single-fracture rock and single-fracture heterogeneous rock in the laboratory and determined the related physical/mechanical parameters. Next, based on fractured rock-displacement model, the theoretical calculation formula of the permeability coefficient of single-fracture heterogeneous rock (i.e., the rock with different lithological properties on both two sides of the fracture) was derived. Finally, by contrast to test results, accuracy and applicability of the developed calculation formula were validated.
Test Materials and Method
2.1. Test Materials and Instrument. Artificial cutting cracks are essentially different from the cracks in rock mass under natural loading in terms of openness, roughness, and coincidence of fracture surfaces. However, it is difficult to obtain rock samples containing fractures directly from the engineering site of weak cemented soft rock because of the poor mechanical behavior of low strength, poor cementation, and susceptibility to disturbance. Therefore, the artificial fracture method is used in this experiment. The present test specimens, with a size of Φ50 × 100 mm, were collected from the reconstruction and expansion project of a mine in Inner Mongolia, China, which mainly consist in weakly cemented coarse sandstone and weakly cemented fine sandstone. The uniaxial compressive strengths of the specimens are 31 MPa and 43 MPa, while the densities are 2.24 g/cm 3 and 2.45 g/cm 3 , respectively. In order to guarantee single-way seepage behaviors, all specimens should undergo vacuuming and saturated processing before the present permeation test. Using the numerically controlled machine tool, the specimens were then cut into semicylinders with bilateral symmetry and identical-geometry fracture surfaces. In accordance with the present test requirements, single-fracture coarse sandstone, single-fracture fine sandstone, and single-fracture heterogeneous rock specimen were prepared, as shown in Figure 1 .
Microcomputer-controlled servo triaxial stress test system (TAW-2000M) was employed in this study, which can simultaneously apply confining pressure and hydraulic pressure. During the tests, the hydraulic pressure can be applied on pores from the bottom of the specimen, while the pore water flowed out from the top of the specimen, thereby forming osmotic pressure difference between two ends of the specimen. Figure 2 illustrates the loading process in the tests, during which both radial and axial stresses, strains, water discharge flow rate, and osmotic pressure difference between two ends can be measured in real time. Accordingly, the effects of confining pressure, osmotic pressure, and the geometric properties of the joint surface on the permeation rules in coarse fracture were examined so as to conclude fluid-solid coupling failure mechanisms of fractured soft rocks.
Test Method.
In order to acquire normal stiffness coefficient, elastic modulus, and Poisson's ratio of the fracture surface in single-fracture rock, uniaxial compression test was first performed at a loading rate of 0.02 mm/min. After the splitting test, the specimens with high occlusion degrees were acquired, and the permeation test under different confining pressures and hydraulic pressures in the pores (i.e., osmotic pressure difference) was designed according to orthogonal experimental method. During the tests, the hydraulic pressure in the pores was 0.5 MPa, 1 MPa, 1.5 MPa, 3 MPa, and 5 MPa, respectively, which remained constant in each permeation test. Confining pressure was loaded in stepwise way, and net confining pressure (i.e., the difference between actual confining pressure and hydraulic pressure in the fracture) was set as 2 MPa, 4 MPa, 6 MPa, 10 MPa, and 15 MPa, 2 Geofluids respectively. In each loading stage, the fracture hydraulic pressure should first be fixed and the test was carried out stage by stage by changing the confining pressure. Using water intake apparatus, the osmotic pressure was applied from the bottom of the specimen. After actual osmotic pressure reached stable, the flow within a certain period was measured and recorded, and next, the confining pressure/hydraulic pressure increased to the maximum in a stepwise way, and the flow at each level of confining pressure/hydraulic pressure was measured and recorded. In order to guarantee unidirectional seepage in the fracture, both two sides of the longitudinal fracture in the specimen, both upper and lower ends of the circular, the joint between the specimen and the waterproof gasket, and the joint between upper and lower pressure heads were sealed by the silicone adhesive with a width of 5 mm and a thickness of 3 m. In addition, the specimen was spirally wrapped by a layer of plastic insulating tape from top to bottom so as to prevent water from flowing into the side of the specimen from the fracture and upper/-lower joints. Figure 3 illustrates the detailed processing of the specimen.
Whether unidirectional seepage successfully occurred in the fractured rock can be judged below. Before the installation, the specimen should be placed in the shade until the surface was dry, which can also facilitate the use of silicone adhesive. After the test, the specimen was taken out. As shown in Figure 4 , the specimen in which unidirectional seepage achieved in the fracture exhibited dry surface but wet joint surface.
If the external surface of the specimen was wet, some water flowed through thermoplastic pipe and gap, suggesting an unsuccessful test; if oil was observed on the specimen surface or hydraulic pressure equaled to confining pressure in the test and cannot be successfully adjusted, thermoplastic pipe was broken down, i.e., the test also failed.
Geometrical Characteristics of the Joint Surface
Using CT scanning, the rock specimens were divided into complete specimens with equal-thickness slides and cutting specimens so as to acquire mean CT values before and after cutting and calculate the fracture width of the cutting specimen. According to the calculation formula of fracture width [42] , the related measuring and calculating method was developed, as the principle displayed in Figure 5 .
where N represents the fracture width, H 0 P denotes mean CT value of the designated area before the appearance of fracture, H 1 P denotes mean CT value of the designated area after the appearance of fracture, S denotes the area of the designated area, L denotes the fracture width, and air CT value was set as −1000.
According to Eq. (1), and above-described measuring principle, the rock specimen was divided into a lot of slides with uniform thickness along the longitudinal direction. CT scanning was performed on the specimens before and after cutting. Let L = L 1 , Eq. (1) can be rewritten as 
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After simplification, CT-based calculation formula of fracture width can be written as
By substituting mean CT number of longitudinal section of the original rock specimen (H 0 P ), mean CT number of longitudinal section of the rock specimen after cutting (H 1 P ), and the longitudinal width of the section (N 1 ) into Eq. (3), the widths of the fractures on various longitudinal sections were calculated and averaged for acquiring the fracture width of the whole specimen. Using the simplified Eq. (3), the fracture width can be calculated only by measuring the width of unsplit specimen N 1 , which can effectively reduce the accumulative error induced by manual measurement.
Test Results

Physical/Mechanical Parameters and Normal Stiffness.
The stress-strain curves of coarse and fine sandstones were acquired via uniaxial tests, and elastic moduli, Poisson's ratios, and post-peak deformation moduli of two kinds of rocks were approximately calculated, as the detailed results listed in Table 1 .
Assuming Δd t denotes the overall displacement of the fractured rock, Δd f denotes the normal displacement of the fracture surface, and Δd r denotes the normal displacement of the rock, normal deformation of the fracture surface can be written as
The normal displacement of single-fracture heterogeneous rock (Δd r ) equals to the weighted average of the deformation of the coarse sandstone without structural surface (Δd rA ) and the deformation of fine sandstone (Δd rB ). Therefore, σ n -Δd f curves of single-fracture coarse sandstone, fine sandstone, and heterogeneous rock were plotted, as shown in Figure 6 .
The normal stiffness coefficient of the fracture surface can be acquired by calculating the slope of σ n -Δd f curve as,
where K n denotes the normal stiffness of the fracture surface. Accordingly, normal stiffness coefficients of singlefracture coarse sandstone, fine sandstone, and heterogeneous rock equal to 18.11 GPa/cm, 45.67 GPa/cm, and 20.77 GPa/cm, respectively.
Effects of Normal Stress and Osmotic Pressure on
Permeability Coefficient. Figure 7 displays the effect of osmotic pressure difference on permeability coefficient under certain normal stress. Apparently, when the normal stress was fixed, the permeability coefficient increases linearly with the osmotic pressure within a certain range. For different kinds of rocks, the relations can be described by the following expressions:
where k denotes the permeability coefficient, with a unit of cm/s, A denotes the straight slope and is correlated with some characteristics of the joint surface, and ΔP denotes the osmotic pressure, with a unit of MPa.
With the increase of hydraulic pressure in the fractures, hydraulic fracturing effect was triggered and slight normal deformation on both two sides of the rock can be observed, which decreased the contact area in the fracture and induced 4 Geofluids the increase of fracture width and permeability coefficient. Under a normal stress of below 10 MPa, because of the existence of hydraulic pressure in the fracture, the rock masses both two sides of the fracture were significantly deformed in normal direction, and therefore, the permeability of the fractured rock changed greatly. As the applied normal stress exceeded 10 MPa, hydraulic pressure in the fracture was relatively smaller compared with normal stress and the gas width only equaled to the residual gap width; because of the existence of high confining pressure, normal deformation of the rock on both two sides of the fracture surface was fairly limited under the action of hydraulic pressure in the fracture, thereby leading to slightly varying fracture width. Therefore, the effect of the hydraulic pressure in the fracture on the permeability coefficient of the fractured rock weakened with the increase of normal stress. Figure 8 displays the relationship between normal stress and permeability coefficient under stepwise loading of hydraulic pressure when the normal stress was fixed. As normal stress increased, the permeability coefficient of the fractured rock decreased with varying amplitudes. When the normal stress was smaller than or equaled to 10 MPa, the permeability coefficient of the fractured rock dropped drastically with the increasing net confining pressure; when the normal stress exceeded 10 MPa, the permeability coefficient of the fractured rock dropped more gently with the increase of normal stress, which finally approached a constant value.
Through the above analysis, it is found that sandstones with different grain sizes have similar permeability characteristics, but the permeability coefficient varies greatly. The main reasons are as follows:
(1) During the deformation of sandstone, the seepage path is the pore between grains. Therefore, the grain size has great influence on sandstone permeability. Under the same confining pressure, the smaller the grain size of sandstone, the closer the arrangement of grains, which causes smaller porosity and lower permeability. When the grain size is the same, the grain inside the sandstone is compacted with the increase of confining pressure, the porosity between the grains decreases, and the permeability decreases (2) On the other hand, although three kinds of single-fracture rocks are subjected to same effective normal stress and hydraulic pressure in the fracture, different normal additional deformations produce since the coarse/fine composite rock masses on both two sides of the fracture exhibit different elastic moduli, which lead to different variations of fracture widths. Therefore, the permeability coefficients of three types of rocks are different, and the properties of the rock masses on both two sides of the fracture surface in the fractured rock impose significant effects on the permeability coefficient of the fracture surface 5 Geofluids several parallel fractures. Therefore, the fracture of rock mass can be assumed as a parallel crack group for theoretical analysis. However, for fractured heterogeneous composite rock mass, the spacing and width of fractures are often unequal due to the lithological differences on both sides of the fractures. Thus, an equivalent continuum model of the single-fracture heterogeneous rock was presented in Figure 9 . To be specific, σ n represents the normal stress on the fracture structural surface. The rock masses on both two sides of the fracture surface can be treated as linear elastic bodies, whose thicknesses were denoted as a and b, respectively. K n is the normal stiffness of fissure, and e denotes width. In addition, the surface opening was negligible.
Along the direction of σ-axis, both the structural surface and the rock mass produce normal displacement under the action of stress σ n . The total displacement of rock blocks on both sides of fissure can be as written as
where S r represents the total normal displacement on both two sides of the fracture structural surface, while E A and E B denote the elastic moduli of the rock masses on both two sides of the fracture surface. Displacement of the structural surface in normal direction can be written as
where S f represents the normal displacement of the structural surface.
Total displacement of equivalent model in normal can be calculated as
where E t represents the equivalent deformation modulus of the single-fracture heterogeneous rock and l denotes total length of equivalent model which can also be expressed as l = a + b + e. 휎 n = 4MPa 
Geofluids
Assuming that overall displacements of equivalent continuous model and original model remained unchanged, the following expression can be derived:
By substituting Eqs. (7), (8) , and (9) into Eq. (10), the following expression can be acquired: 
Thus, equivalent deformation modulus of the singlefracture heterogeneous rock can be written as
The strain of the fracture surface along the tangential direction should be neglected based on the model shown in Figure 9 . Assuming that the strain of the single-fracture heterogeneous rock along the tangential direction equaled to the sum of the strains of the rock masses on both two sides of the fracture surface, then the following expression can be derived:
where μ t denotes the equivalent Poisson's ratio of the single-fracture heterogeneous rock. μ A and μ B represent the Poisson's ratio of the rock masses on both two sides of the fracture surface, respectively. By simplifying Eq. (13), the equivalent Poisson's ratio of the single-fracture heterogeneous rock can be written as
For single-fracture homogeneous rock, let E A = E B = E and μ A = μ B = μ; accordingly, deformation modulus and the Poisson's ratio of the single-fracture rock can be written as
where E and μ denote the elastic modulus and Poisson's ratio of the single-fracture homogenous rock, respectively.
Permeability Coefficient of the Single-Fracture Rock.
For smooth single-fracture rocks, when the permeability of the rock masses on both two sides of the fracture were not taken into account, the permeability coefficient of the fractured rock can be written as [43] [44] [45] [46] :
where g denotes the gravitational acceleration (m/s 2 ) and υ denotes water's dynamic viscosity coefficient (m 2 /s). Under the action of stress, the fracture width e will be changed, which can result in the change of permeability coefficient. According to the constitutive equation for fracture deformation [47] , the fracture's deformation Δe can be written as
where
e 0 denotes the initial fracture width of the single-fracture rock, K n denotes the normal stiffness of the fracture surface, K 0 denotes the initial normal stiffness coefficient of the fracture surface, and Δσ n denotes the induced increment of normal stress on the fracture surface.
According to Eqs. (16), (17), and (18), the permeability coefficient of the single-fracture rock after the occurrence of displacement can be written as
where Δε n denotes the increment of normal strain of the fracture surface in the fractured rock.
Derivation of the Calculation Formula of Permeability
Coefficient of Single-Fracture Heterogeneous Rock. Figure 10 presents the calculation model of the displacement of single-fracture heterogeneous rock under triaxial stress condition. A and B represent bedrocks with different lithological properties existed on two sides of the fracture surface. Δσ x , Δσ y , and Δσ z denote the normal stress increment of the fracture surface in x, y, and z directions, respectively. Let the length of bedrocks and fracture be a, b, and e. According to the established calculation model, overall displacement of the single-fracture heterogeneous rock along x direction can be determined by
where Δε tx denotes the total strain increments of single-fracture rock along the direction of x, respectively. The total displacements of the rock masses on both two sides of the fracture can be calculated as
where Δε Ax and Δε Bx denote the strain increments of rock mass A and rock mass B along the direction of x, respectively. Thus, fracture displacement can be calculated as
Under tridirection compression, confining pressure and pore water pressure all cause compression deformation in rock blocks. Therefore, by taking into account the lithology of the single-fracture heterogeneous rock, hydraulic pressure and net confining pressure in the fracture, the strain increment of the single-fracture rock and the rock masses on 8 Geofluids two sides of the fracture along the direction of x can be calculated as
where ΔP denotes the increment of hydraulic pressure in the fracture. By substituting Eq. (23) into Eq. (22), the fracture displacement can be derived:
The last item in Eq. (24) represents the additive deformation induced by hydraulic pressure in the fracture, which can also be written as
It can be concluded that the hydraulic pressure in the fracture can compress the rock masses on both two sides of the fracture surface, thereby leading to increasing fracture width.
According to Eq. (25), the strain of the fracture along the direction of x can be written as
By substituting Eq. (26) to Eq. (19) and simplifying the equation, the permeability coefficient of the single-fracture heterogeneous rock can be written as
The equivalent deformation modulus and equivalent Poisson's ratio of the single-fracture heterogeneous rock, denoted as E t and μ t , can be calculated according to Eq. (12) and Eq. (14) .
For single-fracture homogeneous rock and heterogeneous rock mass, the permeability coefficient can be calculated by Eq. (27) . For single-fracture homogenous rock, let E A = E B = E, μ A = μ B = μ, and a = b = l. Then, the above three calculation coefficients can be simplified to
In the present tests, forces on the single-fracture rocks were simplified, during which only confining pressure and hydraulic pressure in the fracture were applied while no axial pressure was applied. In addition, only the effect of normal stress on the fracture surface of the rock was taken into account while the effect of shearing stress was not considered. Therefore, Figure 11 displays force condition on the rock specimen and the fracture surface,
in which Δσ n denotes the net confining pressure (i.e., the difference between confining pressure σ and the hydraulic pressure P in the fracture). By substituting Eq. (30) into Eq. (24), the following expression can be derived:
where D is the diameter of the specimen.
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At the beginning of test, Δσ n = 0 and e = 0. According to Eq. (31), the following expression can be acquired:
Accordingly, original displacement of the fracture in the single-fracture rock, i.e., initial fracture width, mainly depended on the hydraulic pressure in the fracture, which also increased with the increasing hydraulic pressure. As the hydraulic pressure increased with a constant, overall displacement of the fracture can be written as
where P is the constant value that can be reached after the hydraulic pressure increases. The absolute value of Eq. (33) equaled to the initial fracture width:
During the tests, the hydraulic pressure in the fracture was applied and remained unchanged until it reached a certain value; next, the confining pressure was changed. At that moment, ΔP = 0, and the initial fracture width is e. Therefore, the validation formula of the permeability coefficient of single-fracture heterogeneous rock can be described as
For single-fracture homogenous rock (i.e., the rock masses on both two sides of the rock had same lithological properties), the coefficient expressions can be written as
In the present test, the permeability coefficient of the rock specimen was calculated below based on Darcy law:
where k denotes the permeability coefficient of the rock specimen (cm/s), q denotes the seepage flow rate in the rock specimen (mL/s), L denotes the length of the specimen (cm), A denotes the cross-sectional area of the rock specimen (cm 2 ), ΔP denotes the osmotic pressure difference on both two sides of the rock specimen (MPa), and γ w denotes water's unit weight (kN/m 3 ). As stated above, only the effect of normal stress on the fracture was taken into account while the effect of shearing Figure 11 : Sketch of rock specimen and fissure structure. 10 Geofluids stress was neglected. According to the theoretical calculation formulas, Eq. (35), the theoretical permeability coefficients were calculated. By taking the condition under a hydraulic pressure of 2 MPa as the example, the derived theoretical formula of the permeability coefficient of the single-fracture rock was experimentally validated. Table 2 lists parameter results of the fractured rocks. Figure 12 compares the calculated permeability coefficients of different single-fracture fractured rock specimens and the measured values. The theoretical calculated results fit well with the test data. Specifically, these two sets of values were within a same order of magnitude and exhibited almost identical variation tendencies with the net confining pressure. Therefore, the derived theoretical calculation formula of permeability coefficient of the fractured rock was verified to be accurate and applicable. The application condition of Eq. (35) is fixed hydraulic pressure in the fracture but varying confining pressure. When the hydraulic pressure in the fracture and the confining pressure change simultaneously, the permeability coefficient of the fractured rock should be calculated according to Eq. (27) . Because of the restriction in experimental condition, accuracy and applicability of Eq. (27) should be further experimentally validated in future studies.
Conclusions
In this paper, we analyzed the seepage characteristics of weakly cemented sandstone with different granularity based on experimental and theoretical methods. A theoretical calculation formula of permeability coefficient of single-fracture heterogeneous rock (i.e., the rock masses on both two sides of the fracture differed in lithology) was derived based on fractured rock-displacement model. The theoretical results and experimental results were then compared. The main conclusions are drawn as follows:
(1) As hydraulic pressure in the fracture increases, hydraulic fracturing effect is triggered, thereby generating slight normal deformation of the rock masses on both two sides of the fracture surface and decreasing the contact area in the fracture. Accordingly, both fracture width and permeability coefficient increase. As the applied normal stress exceed to a certain value, hydraulic pressure in the fracture is relatively smaller compared with normal stress and only residue fracture can be observed (i.e., the residual fracture width can be regarded to the fracture width); because of the existence of high confining pressure, limited normal deformation of the rock masses on both two sides of the fracture surface is generated under hydraulic action, and the fracture width slightly varies. Therefore, under a high normal stress, hydraulic pressure in the fracture imposes slight effect on the permeability coefficient of the fractured rock (2) The permeability coefficients of different types of fractured rocks all drop with the increasing normal stress but exhibit different magnitudes. When the normal stress is smaller than or equaled to 10 MPa, the permeability coefficient drops rapidly with the increase of net confining pressure. As the applied normal stress increase to over 10 MPa, the permeability coefficient drops more gently and finally approached to a constant (3) The lithological properties of the rock masses on both two sides of the fracture surface significantly affect the permeability coefficient of single-fracture rock. Under identical hydraulic pressure and confining pressure, the permeability coefficient of single-fracture coarse sandstone is greatest, followed by that of single-fracture heterogeneous rock, and 11 Geofluids the permeability coefficient of single-fracture fine sandstone is lowest (4) All the parameters in the calculation model can be experimentally measured, which are independent of empirical and semiempirical settings. Moreover, theoretical calculation results of permeability coefficient fit well with the test data, which confirmed the variation tendencies of permeability coefficient and stress on the fracture surface
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